The nucleation behavior of supersaturated water vapor in helium is experimentally investigated in the temperature range of 200-240 K. The experiments are performed using a pulse expansion wave tube. The experimental results show a sharp transition in the nucleation rates at 207 K. We suggest that the transition is due to the transition of vapor/liquid to vapor/solid nucleation ͑ordered with decreasing temperature͒. A qualitative theoretical explanation is given based on the classical nucleation theory and the surface energy of ice.
I. INTRODUCTION
The experimental results presented in this paper are part of an ongoing research program, focused on the nucleation behavior of natural gas. 1 Apart from the main component methane, natural gas contains many other ͑vapor͒ components. These other vapor components can roughly be separated into two different categories, being water and hydrocarbons. One of the aims in the program is trying to establish whether or not nucleation of ice and/or the nucleation of methane hydrates occurs. As a first step towards this goal, the nucleation behavior of water in helium was studied. This way, hydrate formation is excluded. What remains are three possible nucleation processes. These are vapor/liquid, liquid/ solid, and vapor/solid nucleation. The nucleation behavior of water vapor ͑in an inert carrier gas͒ has been studied before, and a recent and extensive study was presented in a paper by Wölk and Strey. 2 They measured nucleation rates in the temperature range of 219-260 K. In their paper only vapor/ liquid nucleation is considered, and no indications for other nucleation processes are given. Another extensive study was performed by Peters and Paikert. 3 They measured nucleation rates of water in argon in the temperature range of 200-250 K. The results presented here are in the temperature range from 200 to 235 K. Attention will be focused on the detection of vapor/solid nucleation.
II. NUCLEATION
Through the years several expressions for the nucleation rate J have been developed. 1, 4 For analyzing our experimental results we will use an expression inspired by classical nucleation theory,
͑1͒
in which K is a kinetic factor, T is the temperature, and W is the energy needed to form a critical cluster, at isothermal and isobaric conditions. When a vapor is supersaturated, it can lower its Gibbs free energy by forming a liquid phase. However, in order to form a liquid phase, an interface between the vapor and the liquid has to be formed, which increases the energy of the system. The lowering of the free energy due to the bulk liquid formation is proportional to the volume (r 3 ) of the liquid, while the increase of the free energy due to the formation of the interface is proportional to the area of this interface (r 2 ). Therefore, the energy of formation of a cluster of molecules has a maximum as a function of the cluster size. The critical cluster is the cluster at this maximum and W is its corresponding work of formation. For nucleation from the vapor phase classical nucleation theory gives 5 Wϭ 16
and
The work of formation of a critical nucleus W and the rate factor K depend on the molar mass M, the specific density of the condensed phase, the surface tension and the saturated vapor pressure p sat . At near-atmospheric pressures the supersaturation S of the vapor in a carrier gas can be expressed as
where y is the vapor fraction. Expressions for the physical properties are given in the Appendix. In the original expression of the CNT an extra factor S appeared in the rate factor K. However, this is now generally believed to be incorrect. More details are given in the book by Kashchiev.
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III. SURFACE ENERGY OF ICE
When will vapor/ice nucleation become more probable than vapor/liquid nucleation? In terms of the classical nucleation theory this means that the barrier height in the energy of formation (W) of a critical ice nucleus becomes smaller than the barrier for the formation of a critical water nucleus. Using Eq. ͑2͒, these energies of formation can be compared when the physical properties of ice are known. The density and saturated vapor pressure of ice are readily available. Ob-taining an expression for the surface tension ͑or rather surface energy͒ of ice is less straightforward. Ice at temperatures above about 235 K is covered with a quasiliquid layer ͑QLL͒ of microscopic size. [7] [8] [9] In this case the ice/vapor interface actually consists of two interfaces, an ice/water interface and a water/vapor interface. Therefore, for temperatures above about 235 K the equilibrium ice/vapor surface energy can be obtained using Antonow's rule, 10, 11 solid/vapor ϭ solid/liquid ϩ liquid/vapor . ͑5͒
For temperatures well below 235 K the QLL has disappeared and the ice/vapor surface energy can be approximated using the latent heat of evaporation. 12 When it is assumed that a water molecule that moves from the bulk ice to the surface loses half of its bonding energy, the surface energy of the ice/vapor interface corresponds approximately to half of the energy of evaporation. This energy of evaporation is calculated from the entropy difference between the bulk ice and the vapor,
We then have the surface energy per mole of ice. To obtain the surface energy per unit of area, the number of moles ͑of ice͒ per unit area is estimated from the density of ice. The molecules are assumed to occupy a spherical volume of radius
.
͑7͒
The square of the diameter of the sphere gives the area per molecule on the ice surface. This corresponds to
͑8͒
moles of ice per unit area. Finally, we have for the surface energy of ice below approximately 235 K the following expression:
in which C is a correction factor of order 1.
IV. EXPERIMENT
The experimental setup has been described in detail elsewhere. 13, 14 The improved procedure of mixture preparation has been described in the paper by Peeters et al. 1 The nucleation rates are measured using the nucleation pulse method. The method is based on the fact that the nucleation rate is a very steep function of the supersaturation. First, the gas/vapor mixture is rapidly brought into a state of high supersaturation, in which significant nucleation takes place. This is generally achieved by adiabatically expanding the mixture. Shortly after the expansion the mixture is slightly compressed, decreasing the supersaturation somewhat. In this new less supersaturated state no significant nucleation occurs, while the clusters formed during the state of high supersaturation ͑the nucleation pulse͒ can grow to optically detectable sizes. This way, the formation and the growth of the droplets is effectively decoupled. The nucleation pulse can be obtained using a pulse expansion wave tube. This is basically a shock tube, the high pressure section of which is used as the test section. A schematic view of the setup is shown in Fig. 1 . Just behind the diaphragm, separating the high pressure section from the low pressure section, there is a local increase in the diameter of the tube. When the diaphragm is burst, an expansion fan will travel into the high pressure section and reflect at the end wall, causing a rapid decrease of the pressure. The shock wave travelling into the low pressure section will partially reflect at the local widening. This will result in the formation of a small pressure dip at the end wall of the high pressure section, i.e., the nucleation pulse. The droplets formed in the pulse will keep growing until the shock wave, reflected from the end wall of the low pressure section, reaches the end wall of the high pressure section. The low pressure section has recently been extended from 6.42 m to 9.23 m, effectively increasing the measuring time by about 40%. The pressure at the end wall of the HPS is measured using a Kistler 603B dynamic pressure transducer. The temperature is calculated from the pressure assuming an adiabatic isentropic expansion. The pressure transducer was calibrated in the shock tube before as well as after the experiments. Both calibrations gave the same result, within the experimental accuracy ͑Ͻ0.2% relative difference͒. The number density and the size of the droplets are determined using a combination of light extinction and 90°light scattering ͑CAMS͒. The nucleation rate is obtained by taking the ratio of the number density and the time duration of the nucleation pulse. With this setup nucleation rates between 10 14 and 10 17 m Ϫ3 s Ϫ1 can be measured. The test gas mixture originates from a combination of two different gas streams. One is a ''wet'' helium gas stream. This gas stream is saturated with water by bubbling it through two containers half-filled with water, at a constant pressure ͑5.17 bar͒ and temperature ͑291.2 K͒. This way the wet gas stream has a constant vapor fraction. It can be diluted by the second gas stream, which consists of dry helium only. The gas streams are controlled by mass flow controllers. The composition of the gas/vapor mixture is altered by setting different ratios of the mass flow controllers. Before the start of an experiment, the high pressure section is flushed ͑at the initial pressure of the experiment͒ with the gas/vapor mixture. When the humidity sensor takes on a constant value, equilibrium has been reached between the walls of the setup and the gas/vapor mixture, and the experiment can begin.
V. RESULTS AND DISCUSSION
In Fig. 2 the results of the nucleation experiments are shown as a function of the temperature. The experimental rates are scaled with the theoretical classical nucleation rates. It is apparent that around 207 K there is a jump in the scaled rates of about 4 orders of magnitude. This jump is not caused by a peculiar behavior of the analytical expression for the nucleation rate. Rather, it is caused by a change in the nucleation process. This also becomes apparent when we look at the supersaturation of water as a function of the temperature, shown in Fig. 3 . In order to measure nucleation rates within our experimental nucleation rate ''window,'' ͑O͑14͒-O͑18͒͒ the supersaturation of water has to be decreased again at 207 K. The jump in the scaled nucleation rates can be explained by the onset of vapor/ice nucleation. Onset of liquid/ice nucleation cannot explain the jump in the scaled nucleation rates. It would mean that the formed liquid droplets would freeze, rendering the same amount of measured particles ͑droplets͒ per unit volume. Effectively, this gives a small error in the measured number density, since the scattering properties of ͑spherical͒ ice particles are slightly different from those of water droplets. This gives an error in the measured number density ͑and nucleation rates͒ of about 15%, which is well within the experimental error of a factor 3.
Because of the steep dependency of the nucleation rate on the supersaturation, the experimental vapor fractions form a narrow band in the y p -T diagram, as shown in Fig. 4 . To compare the energy of formation of a critical water nucleus to that of a critical ice nucleus for our experiments, the narrow band of experimental partial vapor pressures was approximated by the curve also shown in Fig. 4 . The partial vapor pressures and the physical properties can now be put into the expression for the energy of formation for a critical nucleus ͓Eq. ͑2͔͒. This results in different temperature dependent curves for the energy of formation ͑for our experiments͒, which are shown in Fig. 5 . When the value Cϭ0.6 is taken for the correction factor in the expression for the ''dry''-ice/vapor surface energy ͓Eq. ͑9͔͒, the vapor/''dry''- ice curve intersects the vapor/liquid curve at 207 K, making vapor/''dry''-ice nucleation more probable below this temperature. A transition to vapor/''wet''-ice nucleation will not occur, as the energy of formation of such a cluster is always larger than at least one of the other two. In Fig. 6 the ''dry''-ice and ''wet''-ice approximations for the surface energy are shown in one figure. For Cϭ0.6 the ''dry''-ice surface energy intersects the ''wet''-ice surface energy at 220 K. This temperature is within the range of experimentally observed temperatures at which the ice surface becomes completely ''dry.'' [7] [8] [9] Above this temperature the equilibrium surface consist of an ice/liquid interface, plus a very thin liquid layer ͑which is not stable in bulk͒, and a liquid/gas interface. Below the transition temperature the surface consists of an ice/ gas interface only. The temperature derivative of the surface energy is discontinued at the transition temperature. The transition is therefore a first order phase transition of the surface. This is also known as a Cahn transition. 11, 15 Nucleation rates of water in argon have recently been measured by Wölk and Strey. 2 They used a pulse expansion cloud chamber, with which they can measure nucleation rates between 10 11 and 10 15 m Ϫ3 s Ϫ1 . So their upper range of nucleation rates corresponds to our lower range. Their cylindrical measuring chamber has a diameter of 3 cm and a total volume of about 25 cm 3 . The measurements were performed in the temperature range of 219-260 K. Peters and Paikert 3 also measured nucleation rates of water in argon, in the temperature range of 200-245 K, using an expansion wave tube, similar to ours. The scatter in their data amounts up to several orders of magnitude, especially in the lower temperature range. In Fig. 7 our data are shown together with the data by Wölk and Strey. 2 At each temperature, the data by Wölk and Strey show a range of scaled nucleation rates. The lower values of the scaled ͑isothermal͒ nucleation rates correspond to a higher supersaturation. The temperature dependency of the nucleation rates measured by Wölk and Strey differs from our measured dependency.
In order to investigate this difference we considered the possibility of the influence by thermal boundary layers in our setup. Our measuring volume is located 5 mm from the end wall of the HPS. To calculate the influence of time dependent conductive heat transport from the ''hot'' end wall of the HPS to the cold gas the following ͑one-dimensional͒ coupled differential equations have to be solved:
which represent the conservation of mass and energy, respectively. Here, u is the velocity, k is the thermal conductivity, t is the time, and x is the position coordinate. Before the expansion (tϭ0) the temperature is uniform (T 0 ). The temperature at the end wall (xϭ0) remains equal to T 0 . The temperature far from the end wall (x→ϱ) is equal to the time dependent isentropic temperature T ϱ (t), which is calculated from the known uniform time dependent pressure p(t). It was shown by Keck 16 and Van Dongen 17 that for an ideal gas the coupled differential equations can be rewritten in the form,
where the coordinate transformations,
are used. Furthermore, it is assumed that the thermal conductivity is proportional to the temperature, resulting in where ␣ 0 is the initial thermal diffusivity. For the initial condition T(,0)ϭT ϱ (0), and boundary conditions T(0,s) ϭT 0 and T(ϱ,s)ϭT ϱ (s) the solution of Eq. ͑12͒ is
͑16͒
This integral can be solved numerically using the pressure p(t) obtained from the experiment. One then obtains the temperature as a function of the transformed position coordinate and time t. The actual position coordinate x can easily be obtained, using
which is the inverse of Eq. ͑13͒. The boundary layer calculations are performed for experiment numbers 482 and 500. Experiment 482 is the one with the lowest nucleation temperature ͑201.66 K͒, while experiment 500 has a nucleation temperature of 231.06 K. In Fig. 8 the temperature profile resulting from both experimental pressure signals is shown. The time corresponds to 3 ms after the start of the expansion. The nucleation pulse has already occurred within these 3 ms. As can be seen from Fig. 8 , there is no influence of the thermal boundary layers at the measuring position ͑5 mm͒ before the ending of the nucleation pulse. From this we can conclude that the thermal boundary layers do not influence the nucleation process. In Fig. 9 the temperature profile of these experiments at the measuring position ͑5 mm͒ is shown as a function of time, scaled with the isentropic temperatures.
The thermal boundary layers reach the measuring position after about 5 ms, measured from the end of the nucleation pulse. Therefore, the thermal boundary layers influence the droplet growth process. However, this will only give an error in the measured number density of Ͻ1%, and can certainly not explain a difference of several orders of magnitude in the measured nucleation rates. The difference in our measurements and those of Wölk and Strey 2 could also originate from thermal influences due to the separation of viscous and thermal boundary layers formed along the side walls of the tube, caused by the space and time dependent flows induced by the expansion. In order to investigate this, the full three-dimensional Navier-Stokes equations have to be solved. This is a subject of current investigation. Possibly, this can explain the difference in temperature dependency of the nucleation rates, measured with the different devices. However, it is highly unlikely that this can explain the jump in the nucleation rates we measured at the nucleation temperature of 207 K. Therefore, the proposition of the onset of a different nucleation process at this temperature, being vapor/ice nucleation, remains valid.
VI. CONCLUSIONS
We have presented new experimental results of nucleation rates of water vapor in helium in the temperature range of 200-235 K. In this temperature range a transition in the nucleation process is observed at 207 K, which we suggest is due to the change of vapor/liquid to vapor/ice nucleation. A qualitative theoretical explanation of this transition has been given, based on classical nucleation theory. In this theory, the surface energy of ice has a dominant role. Therefore, an expression for the surface energy of ice at these low temperatures was derived, which included one free parameter. This parameter was then fitted to the transition in the nucleation rates. The resulting temperature dependent surface energy has a first order surface phase transition ͑Cahn transition͒ at 220 K, which is within the range of experimentally observed temperatures of this surface phase transition. The overall difference in temperature dependency of the nucleation rates of our measurements compared to the measurements of Wölk and Strey 2 cannot be explained by the influence of onedimensional heat conduction from the end wall in our setup. The differences in the measurements might be explained by the separation of boundary layers, induced by the flows resulting from the expansion. This is the subject of a current investigation. 
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APPENDIX A: PHYSICAL PROPERTIES
